We demonstrate optical Nyquist channel generation based on a comb-based optical tapped-delay-line. The frequency lines of an optical frequency comb are used as the taps of the optical tapped-delay-line to perform a finite-impulse response (FIR) filter function. A single optical nonlinear element is utilized to multiplex the taps and form the Nyquist signal. The tunablity of the approach over the baud rate and modulation format is shown. Optical signal-to-noise ratio penalty of 2.8 dB is measured for the 11-tap Nyquist filtering of 32-Gbaud QPSK signal.
There has been significant interest in spectrally efficient data channels for optical communication systems [1] [2] [3] [4] . In addition to higher-order modulation formats, achieving the minimum bandwidth possible, i.e., the Nyquist bandwidth, optimizes the available spectrum utilization and increases the spectral efficiency measured in bit/s/Hz [5] [6] [7] .
Several reports have demonstrated Nyquist channels in optical fiber communication systems [5] [6] [7] [8] [9] [10] [11] [12] . A common technique to form a Nyquist channel is to use electronic signal processing to shape the data such that the data channel spectrum has a flat top and steeply sloping sides [5, 13, 14] . In this method, an electronic tapped-delay-line based finite-impulse response (FIR) filter shapes the channel spectrum in the time domain, requiring a digital-to-analog converter (DAC) operating at least twice the baud rate, which is difficult at high baud rates [13, 14] . Optical Nyquist pulse sequence generation is one potential approach to achieve the Nyquist channels [6, [8] [9] [10] . In this approach, Nyquist pulses are generated by filtering the frequency lines of an optical comb source. To achieve a single Nyquist channel, it is desired to have the repetition rate of the pulse sequence to be the same as the pulse width [5] , which might be difficult to achieve using the method of optical Nyquist pulse generation [6, 8] . Time-division multiplexing (TDM) of different channels could be used to increase the capacity in this approach [6] . Optical channel shaping is another potential approach to achieve the Nyquist channels at high baud rates. Optical wavelength filtering is a common approach to optically generating a Nyquist channel [7, 12, 14, 15] . In this method, the power of the signal at different frequencies is reduced to shape the spectrum in the frequency domain. In contrast to this approach, tapped-delay-line (TDL) FIR filters shape the Nyquist channel by redistributing the channel power into different frequencies [15] . Optically generating a Nyquist channel by operating in the time domain, as does an FIR filter, is thus a desirable goal. Furthermore, such an approach would also be tunable over different high baud rates.
In this Letter, we demonstrate optical Nyquist channel generation for baud rates of 32-and 26-Gbaud as well as binary-and quadrature-phase shift keying (BPSK/QPSK) modulation formats. A comb-based tunable optical tapped-delay-line (OTDL) is used as an FIR filter to shape the optical channels [16] [17] [18] . In this approach, the frequency lines of the optical frequency comb source are used as the OTDL taps. A wavelength-dependent delay element is used to delay the signals of different taps. The delayed signals are then coherently multiplexed with the weighted taps in only one nonlinear element. We experimentally generated optical Nyquist QPSK/BPSK signals at 32-Gbaud and 26-Gbaud, demonstrating the tunablity of this approach. The optical signal-to-noise ratio (OSNR) penalties are measured. An OSNR penalty of ∼2.8 dB at a bit error rate (BER) of 1e-3 is measured for optical Nyquist QPSK signals generated with 11-taps at 32-Gbaud.
The conceptual block diagram of the Nyquist FIR filter is shown in Fig. 1 . The input signal with rectangular pulse shape in the time domain, and hence with a sinc shape (sincx sinx∕x) in the frequency domain, passes through a TDL-FIR filter with appropriate tap coefficients and delays and is converted to a Nyquist signal with a rectangular shape in the frequency domain. The TDL-FIR filter reduces the side lobes of the signal spectrum resulting in better bandwidth efficiency. In order to extract the information from the Nyquist signal, we synchronize with the sampling time to the peak of the sinc signal. The frequency-comb-based OTDL shown in Fig. 2 implements the TDL-FIR filter in the optical domain to generate a Nyquist signal. This scheme uses a coherent frequency comb source to generate the coherent pump components. Modulating these coherent pumps with the input data stream, A S t, generates replicas of the signal at different wavelengths. These replicas are delayed by passing them through a chromatic dispersion element such as a dispersion compensating fiber (DCF). The relative delay between two adjacent replicas is Δτ D · Δλ · L, where D is the dispersion parameter (ps/nm/km), Δλ is the wavelength separation (nm) between two pumps, and L is the lengths of the DCF. To realize a Nyquist filter, the delay is set to half of the symbol duration (T), i.e., T∕2. Different Nyquist channel baud rates can be generated by changing the amount of delay, which here can be obtained by changing the pump-frequency spacing in the comb source or by varying the length of the DCF. The delayed signals with the electrical fields of A s;i t A S t − iT∕2, i 0; 1; …, (N − 1) (N number of taps) equivalent to the optical TDL taps are thus generated. These taps are coherently combined using another set of lines of the frequencycomb source in a periodically poled lithium niobate (PPLN) waveguide with a quasi-phase matching (QPM) frequency of f QPM . Each replica of the signal A s;i at frequency f s;i uses a pump A D;i chosen from the new set of fingers at frequency f i 2f QPM -f s;i . Inside the PPLN waveguide in a sum-frequency generation (SFG) process, each pair of the signal and pump generates a new signal at a frequency of f i f s;i 2f QPM with a value proportional to A s;i :A D;i :A F;i , i 0; 1; …; N − 1, where a spatial light modulator (SLM) filter is used to induce arbitrary phase and amplitude on each pump A F;i to adjust the tap coefficients. All generated signals at 2f QPM are coherently combined to result in the signal of P i A s;i :A D;i :A F;i . By injecting another pump laser, A P , at f pump , into the PPLN crystal in a differencefrequency-generation (DFG) process, the multiplexed signal at 2f QPM is converted back to the C-band frequency of f out 2f QPM − f pump . Thus, the output is
in which A pump is the complex conjugate of the electrical field of the pump signal. Assuming h i A pump · A D;i · A F;i , the output becomes
which is the same as the FIR filter equation. The experimental setup is shown in Fig. 3 . A modelocked laser (MLL) with a 10-GHz repetition rate and 2-ps pulse width is used as a comb source. The frequency spacing between the lines is increased using a delay-line interferometer (DLI) with a free spectral range of 20-GHz. The resulting frequency comb is sent through a highly nonlinear fiber (HNLF) to generate a flat and broad spectrum. An SLM filter is used to select two sets of the frequency lines for the signal and pump path. The SLM is also used to apply complex weights on the pumps. For each path, up to 11 comb lines with a frequency spacing of 120-GHz are selected. In the signal path, after preamplification, a nested Mach-Zehnder modulator modulates the 32-Gbaud (and 26-Gbaud) QPSK (BPSK) data (PRBS 2 31 − 1) on the comb components. The signals are amplified in an erbium-doped fiber amplifier (EDFA) and travel through a ∼200 m (and 250-m) DCF. The amplified frequency pump lines from the coherent pumps path and another amplified laser pump at ∼1564 nm are sent through the same DCF to increase stability. All the signals and pumps are injected into a 4-cm-long PPLN waveguide with the temperature tuned QPM wavelength of ∼1550.5 nm to create the final Nyquist channel with the spectrum shown. The OSNR of ∼35 dB could be achieved for the generated Nyquist signal, which could be potentially improved if one can use a waveguide with higher conversion efficiency. We calibrate the tap weights to the appropriate values with the central tap (i N∕2 where x means the floor of x) selected as the reference tap. In order to calibrate the tap-k coefficient, we set the coefficients as h i 1 for
To tune a coefficient to 1, we tune the amplitude and phase of the corresponding pump in the SLM filter to achieve a symmetric shape at the output spectrum. For instance, Fig. 4 shows the experimental results on the calibration for the taps of 2 and 11. As shown in Fig. 4 (a) (right) only two pumps corresponding to the taps of 5 (central tap) and 2 (calibrated tap) are on and the rest of the pumps are off. After adjusting the tap-2 coefficient to 1, the output signal spectrum in Fig. 4(a) (left) is obtained compared to the input signal spectrum in the figure. In Fig. 4(b) , the calibration of tap 11 is shown. After calibrating all the taps, the amplitude and phase of the taps are adjusted to the Nyquist-filter tap weights. Figure 5 shows the simulation and experimental results. shows the OSNR penalty and bandwidth efficiency measurements for the case of Nyquist BPSK signal generation. To conclude, we could generate the Nyquist channel at high baud rates by implementing a combbased OTDL-FIR filter. Although we just implemented the Nyquist channel generation for a single polarization, it might be possible to extend it to dual-polarized signals using a polarization diversity loop structure.
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